Abstract The present study was carried out to find the groundwater quality of coastal aquifer along Manavalakurichi coast. For this study, a total of 30 groundwater samples were collected randomly from open wells and borewells. The concentration of major ions and other geochemical parameters in the groundwater were analyzed in the laboratory by adopting standard procedures suggested by the American Public Health Association. The order of the dominant cations in the study area was found to be Na
Introduction
Groundwater is an essential source of drinking for numerous people around the world. Saline water intrusion in the coastal aquifers due to overexploitation of groundwater and other anthropogenic activities is a serious environmental issue nowadays. To protect the aquifers from quality degradation, geochemical assessment and monitoring is necessary. It is estimated that approximately onethird of the world's population use groundwater for drinking purpose (Nickson et al. 2005) . In India, more than 90 % of rural and nearly 30 % of urban population depends on groundwater for their drinking and domestic requirements (Jaiswal et al. 2003) . According to Babiker et al. (2007) , the chemistry of groundwater is not only related to the lithology of the area and the residence time the water is in contact with rock material, but also reflects inputs from the atmosphere, soil and weathering as well as pollutant sources such as saline intrusion, mining, and industrial and domestic wastes. Excessive irrigation activities also resulted in groundwater pollution in India (Pawar and Shaikh 1995; Sujatha and Reddy 2003) .
The overexploitation of groundwater along the coastal area has become a major environmental issue in the entire world. In many coastal areas, human settlements together with the day-by-day development of industrial, agricultural and tourist activities have led to overexploitation of aquifers. Because of this exploitation, the chances of intrusion of seawater into the inland aquifer are very high and also affects the quality of groundwater. In the present study, the geochemical characteristics of groundwater is determined to know the groundwater quality along the coastal aquifer of Manavalakurichi, located in Kanyakumari District of Tamil Nadu, India.
The study area Manavalakurichi is a town panchayat located in the southern end of Tamil Nadu, India. The study area extends from 8°7 0 to 8°10 0 N longitudes and 77°19 0 to 77°19 0 E latitudes. It is connected by road network to Trivandrum, Tirunelveli and Kanyakumari. The study area is situated in Kanyakumari District and the southern side of the study area is bounded by the Indian Ocean and in the west by the Arabian Sea. Manavalakurichi and its surroundings are well known for their heavy mineral deposits. Several mining areas under the control of Indian Rare Earth Limited (IREL) are situated here. The average temperature in the study area varies from 22.8 to 33.6°C with an average rainfall of about 846-1456 mm. The present study area is shown in Fig. 1 . A major part of the study area is geologically covered by Quaternary fluvio-marine deposits. The north and northwestern regions of the district are completely occupied by the Western Ghats Mountain with a maximum elevation of 1658 m (CGWB 2008) . The coastal tract in the south of the study area is a thin strip of plain region that has a width of 1-2.5 km and is mostly covered by marshy swamps and a number of sand dunes (Teri sands). The soil type of the present area is classified into red soil, red lateritic soil, brown soil and coastal sand. The soils of this district are in situ, in nature, pale reddish, lateritic and earthy in color (CGWB 2008) .
Methodology
The study area base map was scanned and digitized from the Survey of India (SOI) toposheet No. 58 H/8 (1:50,000) (GSI 1995). ArcGis 9.3 software was used for digitization and to analyze the data for groundwater quality evaluation. (Fig. 1) . For sample collection, high-density polyethylene bottles were used. The bottles are immediately sealed after collecting the sample to avoid reaction with the atmosphere. The sample bottles were labeled systematically. The collected samples were analyzed in the laboratory for various physicochemical parameters. During sample collection, handling, preservation and analysis, standard procedures recommended by the American Public Health Association (APHA 1995) were followed to ensure data quality and consistency.
The pH and electrical conductivity (EC) were measured in situ by using Hanna (HI9828 USA) multi-parameter probe, and the major ions (Ca 4 Þ was estimated using spectrophotometer. The piper diagram, Gibbs plot, Wilcox diagram and the USSL plot were used for studying the quality of the groundwater in detail.
The spatial analysis of various physico-chemical parameters was carried out using ArcGIS 9.3 software. An inverse distance weighed (IDW) algorithm was used to interpolate the data spatially and to estimate the values between measurements. The IDW technique calculates a value for each grid node by examining surrounding data points that lie within a user-defined search radius (Burroughs and McDonnell 1998) . All of the data points are used in the interpolation process and the node value is calculated by averaging the weighted sum of all the points.
Results and discussions
The analytical results have been evaluated to find out the suitability of groundwater in the study area for drinking and agricultural uses. By comparing the obtained values of different water quality parameters with the guidelines of the World Health Organization (WHO 2011) and Indian Standard Institute (ISI 1983) , we obtain the suitability of groundwater for drinking and agricultural purposes ( Table 1) .
The concentration and behavior of major ions such as Ca 2? , Mg 2? , Na
4 and Cl -and some important physico-chemical parameters such as pH, EC, total dissolved solids (TDS) and the suitability of groundwater in the study area are discussed below.
pH
The balance between the concentration of hydrogen ion and hydroxyl ions in the water is termed as pH. The limit of pH value for drinking water is specified as 6.5-8.5 (WHO 2011; ISI 1983) . The pH of water provides vital information in many types of geochemical equilibrium or solubility calculations (Hem 1985) . The pH value of most of the groundwater samples in the study area varies from 5.3 to 7.4, which clearly shows that the groundwater in the study area is slightly acidic in nature. This may be attributed to anthropogenic activities such as sewage disposal and use of fertilizers in agricultural lands (paddy fields and coconut plantation) of the study area. It may also be due to natural phenomena like intrusion of brackish water into the sandy aquifer, which initiates the weathering process of the underlying geology (Sarat Prasanth et al. 2012 ).
Electrical conductivity (EC)
EC is a measure of capacity of water to convey electric current. The most desirable limit of EC in drinking water is prescribed as 1500 lS/cm (WHO 2011). The EC of the groundwater in the study area varies from 67.2 and 2771.8 lS/cm with an average value of 818 lS/cm. Higher EC in few groundwater samples indicates the enrichment of salts in the groundwater. The value of EC may be an approximate index of the total content of dissolved substance in water. It depends upon temperature, concentration and types of ions present (Hem 1985) . The effect of saline intrusion may be the reason for medium enrichment of EC in the study area. The effect of pH may also increase the dissolution process, which eventually increases the EC value (Sarat Prasanth et al. 2012 ).
Calcium and magnesium
The concentration of calcium ions (Ca 2? ) in the groundwater samples ranges from 6.4 to 124.2 mg/l with an average value of 34.3 mg/l and that of magnesium ions (Mg 2? ) ranges from 0.5 to 118.2 mg/l (average value of 39.1 mg/l) ( Table 1 ). The principal sources of calcium and magnesium in most of the groundwater samples are detrital minerals such as plagioclase feldspar, pyroxene, amphibole and garnet (Hounslow 1995) . The limestone, dolomite, gypsum, anhydrates and clay minerals among the sedimentary rocks of the coastal region also enhance the calcium and magnesium content in the groundwater (Chandrasekar et al. 2013 ). Reverse cationic exchange, i.e., the replacement of calcium and magnesium ions by sodium ion in the groundwater may be the reason for lower concentration of Ca 2? and Mg 2? in some areas (Jacob et al. 1999) . Figure 2a , b shows the spatial distribution of calcium and magnesium in the study area.
Sodium and potassium
The concentration of sodium ions (Na ? ) in the collected groundwater samples varies from 18 to 560 mg/l ( Table 1) . The maximum permissible limit of sodium is 200 mg/l and the present study reveals that few samples exceed the permissible limit of WHO and ISI. Groundwater with high Na ? content is not suitable for agricultural use, as it tends to deteriorate the soil. Potassium is a naturally occurring element; however, its concentration remains quite lower compared with Ca 2? , Mg 2? and Na ? . Its concentration in drinking water seldom reaches 20 mg/l (Hounslow 1995) . The concentration of K ? is between 0.5 and 83 mg/l in the groundwater of the study area. The maximum permissible limit of potassium in drinking water is 12 mg/l, and it was found that few samples exceeded the permissible limit of WHO. The higher concentration of potassium in groundwater is due to the anthropogenic sources and saline water intrusion (Krishnakumar et al. 2009) . Figure 2c, d shows the spatial variation of sodium and potassium in the study area.
Chloride
Chloride ion (Cl -) concentration in the collected groundwater samples varies from 21.3 to 756.2 mg/l with a mean value of 169.7 mg/l (Table 1 ). According to the WHO (2011) standards, the maximum permissible limit of chloride in the groundwater is 600 mg/l. The increased chloride concentration in a freshwater aquifer is one of the indicators of seawater intrusion. Appelo and postma (1993) and Raju et al. (2011) have suggested that the high concentration of chloride may also result from pollution by domestic sewage waste, sand leaching and saline residues in soil.
Based on the ionic concentration, sodium and chloride are found to be the dominant cation and anion, respectively. Mostly, sodium and chloride dominate the seawater ionic content, while calcium and bicarbonate are generally the major ions of freshwater (Hem 1985) . Therefore, the higher concentration of sodium and chloride ions in the groundwater from the study area indicates the significant effect of saltwater intrusion in few regions. The spatial distribution of chloride in the study area is shown in Fig. 3a .
Bicarbonate
The observed HCO À 3 values in the groundwater samples range from 110 to 549 mg/l (Table 1) Bicarbonate is the dominant anion in the majority of the samples, except in few groundwater samples collected near the coast. The higher concentration of HCO À 3 in the water shows the dominance of mineral dissolution (Stumm and Morgan 1996) . The spatial distribution of the bicarbonate ion in the study area is shown in Fig. 3b .
Sulfate
The concentration of sulfate (SO 2À 4 ) ranges from 2 to 78.5 mg/l with an average value of 34.3 mg/l (Table 1) . High value of sulfate content in the groundwater is due to reduction, precipitation, solution and concentration of the traverse through the sedimentary rock such as gypsum and anhydrite (Hounslow 1995) . In the study area, the sulfate concentration is within the limit of WHO and ISI standards. The spatial distribution of sulfate ions in the study area is given in Fig. 3c .
Total dissolved solids (TDS)
According to WHO specifications, TDS in groundwater up to 500 mg/l is the highest desirable and up to 1000 mg/l is maximum permissible. In the study area, the TDS values vary between a minimum of 41.6 mg/l and a maximum of 1775 mg/l (Table 1) . According to the Davis and De wiest (1966) classification of groundwater samples based on TDS, 60 % of the total groundwater samples in the study area are desirable for drinking (TDS \ 500 mg/l), 23.3 % of samples are permissible for drinking (500-1000 mg/l) and 16.6 % are suitable for irrigation purposes. The spatial distribution of TDS in the study area is given in the Fig. 3d .
Hydrogeochemical facies
The geochemical evolution of groundwater can be understood by plotting the concentrations of major cations and anions in the piper trilinear diagram (Piper 1944) . The nature and distribution of hydrochemical facies can be determined by providing insights into how groundwater quality changes within and between aquifers. Trilinear diagrams can be used to delineate the hydrogeochemical facies, because they graphically demonstrate the relationships between the most important dissolved constituents in a set of groundwater samples. The hydrogeochemistry of groundwater in the study area was evaluated using the concentrations of major cations (Ca and Cl -) in meq/l. The hydrogeochemical facies for groundwater in the study area is shown in a piper diagram (Fig. 4) . The piper diagram indicates that sodium is the major cation and chloride is the major anion. Pulido-Leboeuf (2004) pointed out that the groundwater of Na-Cl type will generally influence a strong seawater intrusion; anthropogenic contamination is caused by excessive use of fertilizers in the coastal land. In some regions, calcium-and magnesium-based water type is seen. The sources of calcium and magnesium in these regions are probably the shell deposits of fluvio-marine origin (Hounslow 1995) .
Sodium percentage
The sodium in irrigation waters is usually denoted as percent sodium or sodium percentage. According to Wilcox (1955) , for all natural waters Na % is a common parameter to assess its suitability for irrigational purposes. The sodium percent (Na %) values are obtained using the following equation:
where all ionic concentrations are expressed in meq/l. The groundwater samples according to Wilcox classification (Table 2 ) on the basis of sodium percent shows that 53.33 % of the groundwater samples are of uncertain quality for irrigation, 16 % are within the permissible limit, 30 % are under good quality limit and no samples are in the unsuitable category.
Sodium absorption ratio
Sodium absorption ratio (SAR) is a measure of the suitability of groundwater for irrigation usage, because sodium concentration can reduce the soil permeability and soil (Todd 2007) . SAR is a measure of alkali/sodium hazard to crops and is estimated by the following formula:
where the concentrations of sodium, calcium and magnesium are in meq/l. The SAR value of water for irrigation purposes has a significant relationship with the extent to which sodium is absorbed by the soils. Irrigation using water with high SAR values may require soil amendments to prevent long-term damage to the soil, because the sodium in the water can displace the calcium and magnesium in the soil. This will cause a decrease in the ability of the soil to form stable aggregates and loss of soil structure. This will also lead to a decrease in infiltration and permeability of the soil to water, leading to problems with crop production (Chandrasekar et al. 2013) . The calculated values of SAR in the study area vary between 1.55 and 11.18 meq/l. The classification of groundwater samples based on SAR values are given in Table 2 . The SAR values of the majority of the samples are found within the range of excellent to good category, except sample nos 1, 25 and 26 which were found to be unsuitable for irrigation purpose.
USSL plot
The United States Salinity Laboratory (USSL) has constructed a diagram for the classification of irrigation waters (Wilcox 1955 ) describing 16 classes with reference to SAR as index for sodium hazard and EC as an index for salinity hazard. The USSL diagram highlights that 33 % of the samples fall under the field of C3S1, which indicates water having high salinity and low sodium alkali hazard (Fig. 5) . Three of the samples fall under the C4S3, C3S3 and C3S2 category, respectively, indicating high to very high salinity hazard and medium to high sodium hazard, while the remaining samples fall under the C2S1 and C1S1 regions indicating low and medium saline and sodium hazards. 
Wilcox diagram
Wilcox (1955) classified groundwater for irrigation purposes by correlating percent sodium and EC, which suggests that 60 % of the total of 30 samples fall under excellent to good limit and 30 % fall under good to permissible limit (Fig. 6 ). Only 10 % of the samples (W1, W25, W26) fall under the doubtful to unsuitable limit, which illustrates that the groundwater from these wells are not fit for agricultural usages.
Mechanisms controlling the groundwater chemistry
Reactions between aquifer minerals and groundwater have a significant role on water quality, which are also useful to understand the genesis of groundwater (Cederstorm 1946) . Commonly, groundwater chemistry in the study region is controlled by different processes and mechanisms. Gibbs plot is used here to understand and differentiate the influences of rock-water interaction, evaporation and precipitation on water chemistry (Gibbs 1970). The Gibbs diagram (Fig. 7a, b) illustrates that most of the groundwater samples from the study area falls under the rockdominant region. The cation versus TDS curves denote that the cations in some of the wells may be derived from evaporation or crystallization processes. The Gibbs diagrams suggests that the weathering of rocks primarily controls the major ion chemistry of groundwater in this region.
Conclusions
Contamination of groundwater generally results in poor drinking water quality, loss of water supply, high cleanup costs, high-cost alternative water supplies and potential health problem. In the present study, the interpretation of hydrochemical analysis reveals that the groundwater in the study area is slightly acidic in nature. 4 . The dominant cation and anion are sodium and chloride respectively, which shows the saline nature of the groundwater in some regions. In the study area, rock weathering and evaporation processes are the major hydrogeochemical processes responsible for the concentration of major ions in groundwater. The drinking water quality analysis shows that groundwater from the wells W25 and W26 are not fit for drinking, as they have higher concentration of ions than the standard permissible limits. The groundwater classification based on their suitability for irrigation also reveals that the wells W1, W25 and W26 are unsuitable for irrigation. So, among the 30 well samples analyzed, the groundwater from the wells W1, W25, W26 were found to be more hazardous in the study area. The harmful nature of groundwater may be due to natural saline water intrusion and also because of anthropogenic activities.
